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Several pGEMS* mmI pUC19-daived plasiiitds coatainiog a sdectabit ecythroa^ydo rcdsUnoe «iarit€r wm 
ioie^ttd into the chromosome of Streptococcus Aermophlhts at the lod of the tactoge-wtaboHTlng gcscs; 
IttU^lIos occitmd via bomologotts recombination and rtstdted in colntcgratct between piasmid and genome 
flanked by tiie bomologoiu DKA used for Inlegratloiu Sdectivt pressure on Ibe plasmSd^located efythron^ 
resistaoee gene rcailtcd in mnlflple ampfificattons of the integrated plttwid. Rdease of tfals sdectivt pressnn, 
bovvever, gave way to bomologoiis resolution of tbe cdnt^rate itnictures. By integration and tabseqiuent 
re80liition» m were able to replace tbe cbromosomal hcZ gene with a modified copjr canyiiig an la 
vftro-^erated deletion* In tbe same way, we Integrated a promoteiiess cblorampbenicol ace^rttransferase 
(aUi gene between tbe cbromosomal iacS and 6vZ genes of tbe lactose Tbe insaUd cat gene became 

a ftmctiwial part of tbe operon and was esqmsed and r^pdated accordingiy. Sel^^ 
iaeS and iacZ genes onder ootmal growth coadKioos la mBk eofures th^ mainteoanoe and expression of tbe 
faitegratcd goie. As tbere are only minimal repeated DMA sequences (an Ndel site) tlaaUog Ibe losoted car 
gcne^ it was stabfy maintained even in tbe absence of b^tose^ Le^ w^ grown oa aocrast or ^ncose, lbs 
metbodobgy rcpresenU a stable Qrstem hi wbicfa to express and rcgalata fore^ genes In S. Ibenmspbibit, 
whldi coold qualUy fai the ftitore for an ai^Ucalion wftb food* 



StnptooKeus aalivarius sidjsp, themu^tUus (fi, themty- 
phSus), a b(Uiiafcrmeatative» tltennapbOk lactic acid bacte- 
rfmn, is an important microofgaoism for tbe fensentation of 
food. It is pvectominantty in starter cultures for tbe 
productioD of fermeated millc products socb as Swiss and 
itafian dteese and yoguzt. Despite its wideqiread and bog- 
time use in fennentation processes, progress m tbe genetics 
of this cffganism has been made oDiy recently. Some genes 
have been isolated and analyzed (2» 19, 32, 33, 41, 50). 
Among these are tbe iaeS (lactose permease) and laeZ 
0-galactostdase) genes, wlddi are se|arated by tmly three 
nucleotides and are protobly transiationalfy coupied (339- 

Several gene tran^ techniques sudi as conjugaticni (12, 
37), trsosfecdon (27), and cransformatkm (28, 45) have been 
repivted for & &iemop9iBus. These techniques enable the 
eacaminaiion and use of already cadstfflig bacteiuJ plasmids as 
cksn^g vectors as well aa a beginning in d#«gning new 
vector systems based <m ctyptic, hoau^enic ptemids (13, 
15, 26, 44, 46). SeleciiOQ ^pIM liar ensuring phttmid 
and maintenance make- in most cases use of marker genes 
confonfog resistance to amibiatics. Although very coove- 
nient fo laboratoiy-scale eaqicriments, audi scle<aion sys- 
tems cannot be app&d to Ibod procftiction. To date* no 
food-grade gene transfer and expression system for S, Aet' 
fimfttbtf has been rQ>arted. 

Flasmids are not a priori s^regated in a stable way and 
may be lost under nonselective growtJi conditions. Ibis in 
particular may be true for piasmid systems wluch are genet- 
IcaJfy engfobctcd and cany heten^ous DNA. In order lo 
stalnltze plasmids, tbQr can be inteijated into the bacterial 
genome via a single, homc^pgom recoiubiuatkm process. So 
far, this has beoi reported for several different bacterial 
spedea, t^EsdferiehiaeoB (14» 34, 36), Bacflbis auMfir 
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(8, 30), Laetocoecus tactis (5, 20), and others (24). For 51 
Aerm^fhUus, genomic integration has been mentioned to 
work (25, 25a). Such integratkm of plasmids usually results 
m two (firect repeats of bomolo^ms DNA flailing the 
imegrated i^asmid, a structure wfaidi Is similar to iosertioo 
sequence-mediated coiotegrates (18). Because of the direct 
repeats, integrated i^asmids can be cxdsed and lost again or 
upoQ proper selection be tandemly arqplified. The integra- 
tion technique is a very versatile tod for genetk man^>cdft- 
tkm and can be used to Inactivate, replace, or int^te genes 
and to geoeticaqy tag specific genes (40). 

It was tbe aim of our stu^ to develq> a system lor 
genomic plasmkl integration in 5. themtcphUus tnd to dem- 
onstrate Its use gene disniptbn, heterologous gene 
intcgratioQ, and expresision. Tbe final oonstructiOQS should 
be, without taking the fore^n gene being int^rated and 
oqnessed into consideration, food grade. This means that no 
heterologous DNA from plaamds or marker genes should be 
present fai the bacterial celL Fuftbennote, integration of die 
gene should l>e such as to guarantee genetic stability and 
eaqnession. 

In order to adilcvc genomic hitegration in S, ghmio- 
phihis^ we made use of an optimized tsaosliannatiaa system 
(23) and used E. cotf-based fdasndds wtidi do not atttott»> 
motisly repUcate in S. Oiemc^iSui. As a target r^ioa for 
tet^gration, we diosc the lactose tqieron, consisting of die 
foc5 and lecZi 



MATERIALS AND MEIBODS 

Bactoial strafos and pbttmUs*. & diemwphSus STU, a 
starter stratn for yogurt pro do cto. is from our ocdlectian. 
The £L coB strains used were K234 (collection ton die 
Bkuenter, University of Basel, Basel, Switzerland) and 
JM108 (49). Tbe plaamds used weie pVA838 (21), pNZ12 
(43), pGEM-5ZI (Ftamega, Ma^soo, Wis.), and pUdS 
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TABLE I. rUsmidsitsed 



Dctcf^Cioii 



RcfiBfvooo Of I 



pVAB38 

pNZU 

pOEMS^ 

pDP2Xl 

|iDP22S 
pDP228 



Ou 

AiB|iii Enn 

AmpvEsm 

Anqs, LicZ 

Amp 

Amp 

Amp 



pGEM>5Zfllermrv/Mff 
pUC19(lerm^A«it 

pDP2m&icZil 



pDP21Uibc2|AMtwa>.i 
pOEM-5Z£niM^I (Rg. 1) 



31 
43 
D. 

E«S!iit 
D. Pridnxotel 
D. FriAnarel 

D* Pndniofo I 



(49). Plasmids pUC-a36 and pOEM5-838 ooatiin the L7« 
Hbidm^val fragiiKiit (bhmt coded) canyiog the oythitK 
o^ydn redstanoe gene (Bin*)<tf pVA838 b flieir unique £im1 
fites of pUCU and pGEM-SZt mpectively. pDral 
lains the 7.0UiM mgmemcanyiiv die AicZg^ 
hi die Doique PM site cf ^lKi9 (49) (coostnietbik dmilar lo 
that of pRHlI6 [16]). pDP222 and pI>F225 aie deiivatives td 

gP211 haviog the laeZ boemal lMd> itgfll and LMb 
al tragiDents» respective^, deleted (tMt 1). pDPaSS b 
pOEM-5Zf cmttainfng the 2.4-ldb MrSjfel tnffoeni of 
pDVZll (Fig. I). 

Mcdto. S. ^termopMlua was grown hi HI broth P% 
tiyptone» 1% yeast extract, 05ft Ki|,P04. <L5% beef ex- 
tract) aunrfemeoted with eidier \% lactose mifcet ^fmoo8» 
(IT), M17 bioth <Piieo Uboraloiies, Detioit, KOdi.) or 
MSK brodi (9% leOQBsdtoted aidm nd& pon^, 04% ye^ 
eoctract) at 4rc Far the tiannort assay, ceib were powo hi 
EOiker broth (10) omtalidiv 0J% beef extract and lactose, 
soctose, aiulAsr g alactos e (final coa cen t rati ang, 20 oAl 
each). K ooS atrafais were grown in LB (OlS% Nad, 1% 
tiypttme* 1% yeast cadract) at yjTC Media were nofidlfied 
te plating by the ^tfHon of L5% E^tittovydn. 
chlofaniplieniDoly atnpfeflBp, end 54itonio 4 cUon>»S4n- 
dol|yt-9-i>iSdactopyraaoside (X*Oal) were added Indhddn- 
any as indicated. 

TtaifhraiatlQn or& AneipUn. & AemephduM STU 
was gfown in HI biott s^ilefljentsd with doooae and 
laeloee ovem|^ at ne next day, 33 ad of freah 
inedfum was iimutfttcd wilh TOO |U of dlie ovttnf^ 
and grown ot WC fot another one to flirce gcncistlcins to a 
ottmial Mtical densi^at flOan'ofQJ. tbe eeOa were 
iutveaied by eeottift«athitt (5 ndn at 2;000 x g% washed 
once with 5 mM potasshnn Bhoqihato^fi 7jQ), rcsusperided 
gnitty in ftesUy niqared loecold EFM (D J M rafimo^ 
mM poCasafum phoq^te (pH OJS 'nM hlglCX^ to as 
Optical dentin at 600 nm of a9, and tapttm loa at OPC Tm 
hnndied mioQIiters of this cell su^enioo WM added to e 
mtcUUed 0 J<m etectroporation cowtio contahdi^ 
DKA and dectiopoia ted w^ a -Oene Miser- nmaratus 
(Bio-llad Laboretories^ Rictunoad. QfiL) at 2S K 
and 105 kV. Inunedkte^ after pobing, 1 nd of L2x 
oo l ioc atiated M17 bfoth, ai^pieaienled wtti auctose^ was 
added to the cuvettfe The sMwnslon was tniied, tramfcned'' 
to B aleriie tnbe, and ibciteted te 4 h at 42%L Iter 
odBSten of OMlled aoft agar (M17 broA aopplenie^ 
1% suooso and 0l6% agar) was added to each of Oe 
ouKnies. and the miituits were pblad on M ITngar platea 
oontelniM 1% socrese and iS pg of etfter eiy Ihiumydnor 
ctiloranip he n i cul pernd* The plates wero .Incubated at 4!PC 
to 2 to 3 days onder anacfoUe.oooditfbBiB (BBL QaAk; 
Pecttin WchlnMp aod Oi«)u 

C eB i trii CtiDn ef plantddia The 
^F222 and pllP22^ oontahdqg the 
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internal deletion, were lifted into vector pGEM5*^ at the 
unique /^I and Spel sites and transformed to £1 edir BZ234. 
Transfonnants were grown tm LE-ezythromydn (l-m|^) 
j^tcs. Correct clones were identified by restriction analysis 
and named pBM20 and pBM21p respectively. To remove the 
amptdltin resistance gene, |>BM20 and pBM21 were cfigoted 
with F^l, yMiCh cuts at positions 1617 and 2S43 of pGEM- 
5Zf (PromegaK reljgated, and transformed to BZ234. Seiec* 
tion was dcme on LB-erythromyctn plates as described 
above. Rasmids having the conea L2'4d> Fspl deletion 
were named pBM26 and pBM27, re^>ectfve]y (Hg. 1). 
Vector pUC-S38 was digested with Fspl, religated, aad 
transformed to BZ234 as described above. The resulting 
plasmid was linearized at Its unique EeoU site. Uunt ended 
by a fining-b reaction (22), ligated, and pnrfi&rated in 
BZ294. The new vector was opoied at its unique Ful and 
BamW sites aad ligated to the agarose gel-puxified 1 J5-]d> 
Fstl'B^ fragment of pBM20» The If^tion mixtuie was 
transfbrmed to BZ234» and transicttniants were selected oa 
LB-eiythTOxqycin plates. Oarrect dones were named pBM33 
(F«, 1). 

In onler to faisert a donhig site precisely between die two 
£erc genes, polymersse dudn reaction (PGR) amplificattoo of 
Fj^^Minearized pDF228 was perfbnned with the synthetic 
cQgoaudeotides 5'-<KnTTTCCCAGTCAOGAC (primer 1) 
and S'-GTCATGTTCATATCnTATTCranTr (primer 2» 
mtioduciflg an Ndel site)« The amplified fragment was 6^ 
gested withftrl and Ndel, legated into the Arl- and /Afel- 
digested vector pGEM-5Z^ 8Ad traosfixmed to BZ234, and 
the oelB were selected for gniwth on IA-anq>iciQin (100-^ 
ml) plates. Cocxect dones cariymg the 900-bp fragment were 
nasied pBM37* A second PGR was caiiied out witlLfioear- 
ised pDP228 and the ol^omideotides 5'-AAAGGAGAAT 
AACATATOAACATQAC (pxhner 3) and S'-TTGOGAGCT 
CrCOCITAACAAAGAGA (ptteier 4, cootaming a Sacl 
site next to the site). The ca. 70(M)p anurfified fragment 
was digested with Sacl and Ndel and l^ated into Sacl- and 
A^I-^ested pBM37. Ihe ligaticm mixture was trans- 
formed to BZ234, and the cells were grown on U-anqndUin 
(100-fig/hil) plates. Ibe resuhiqg plaamid was named pBM38 
(Fig. 1). Plasmid pBM38 was digested with BstEH. and 
Drain, and the resultiqg dSO-bp fragment, containing the 
new junction between the iac5 and iocZ genes, was isdated 
from an agarose get Similariy, pBM33 was d^ested with 
BsiESl and DralR, and the fragment containing the vector 
backbone was isdated and ligated to the 650-bp fra^nent 
figm pBM3g. The ligation mixture was transfonned to 
BZ234, plated onto LB-eiythroafycin (l<4ngtel) {dates, and 
incubated at 37*C. Comet dones carrying the msuttdNdel 
sfte originating from pBKf36 were identified as pBM39 (F|g. 

Tohiseit the cor geiie from pNZl2, originaily derived from 
pC194(9), IntoiheiNTdl^Isite, theoargeae wasPCRanq)lified 
with the ^thetic <di^niideotides S'-ATATCATATGAA 
CnTAATAAAATTGAT and S'-ATTATCATATOTTATA 
AAAGCCAGTCATrAG as primers to generate MM si^ 
at the start and end of Ac gene. The ca. 671Vbp FCR- 
ampiffied fragment was digested with MIel and legated into 
tlie unique Mfel jte <rf pBM39. The ligatioa mixture was 
transfonned to BZ234, plated onto LB-oythromydn (L-rngf 
ml) plates, and incubated at S7C The i^asmid contents of 
indrvidual cokmies were ana^zed, and dones ha^g the 
Ndel fragment msexted in tfm oocrect (mentation, Le^ the . 
cor gene reading in the same direction as Iac5 and iocZ, wm 
identified and named pBM40 (F^g. 1). 

In order to obtain a higher, frequency of homotogo as 



genomic Integration upon transformation, the construct with 
the inserted cat gene was manqntlated further to generate a 
plasmid containing the entire lacZ sequence. Fdr that pur- 
pose, pBM40 was digested with Blr/EO and Dmin, and the 
IJ-ld) fragment containing cai was isolated 1^ agarose gd 
electrophoresis. Sbnilarty, pBM26 was <figested with BrtQI 
BsadDmin, and the fragment conteinhtg the vector backbone 
was isdated. The two isolated fragments were Bgated and 
transformed to B2234, and die cells were grown <m LB- 
eiythron^dn (l-n^gM) plates. Cbnect dones were named 
pBM43 (Fig. 1). To reconstitute the coo^ilete lacZ geae on 
pBM43» the I34h lacZ mtemaliSgfll frq^nent isolated from 
plasmid pDP211 was ligated mto pBM43, whidi was first 
linearized at its B^fll site and treated with alkdine phos- 
phatase. Ihe ligatton mixture was transfonned to JM1& and 
pUted onto LB-eiythrcunycin i^tes oootahifaie 40 pg of 
X-Oal per mL After incubation, the plasmid contents of 
individnal blue ookmies were isokted and analyzed. Gonect 
clones carrying the entire lacZ gene were named pBlil4S 
(F?g.l)- 

DNA maofpolations. Plasmid DMA from £ coli was iso- 
lated and when needed was purified on GsO graifientst^Oe 
method of Maniatis et aL (22). Agarose gel ckctRmhoresb^^ 
restriction enzyme digestions, figations, and transfonnafion 
of E, eoB were performed by standard procedures (2^ 
GoiomicDNAaf 5L itomey?Aillus was isolated as repoked 
for lactdbacflli (7> and stored at 4*C Soutbem blot l^btid* 
izatlons were performed as described by Southern (47). 
DKA prd)es were ^ labelled fay the random piinnqg 
method (22). Hybrfdizatfon and wadilng of the bm were 
perfbimed under stilugeot conditions, PGR ampUflcatlos 
was dcme by the method of Saiki ct aL (38^ 39). 

l^anqpoft and cnjonmatlc assays. Cdls were cuhhrtfed 
miaroanaerobicaOy in EUiker broth at 42fC and harvested at ' 
an optical dendty at 6d0 nm of (L6 to 0.7, imless othenwse 
. hidicated. They were washed twice and resospended hi 50 
mM potassium pfaospliate (pH 6.5) supplemented widi 2 niM 
MgS04. MetiM-l-thio-p-i>-galactOFyranoside (IMO)^^ 
TMG co uuter uo w activfty was asssyed by the fixation 
method as descifoed pievbusly (11).. The final [^^CJTISQ 
concentration in the transport assay was 48 pM. The assay 
temperatnre was 23*C. 

C^frte tysates were prnsaied by cyde sooicatiao (e^ 
times for 15 s each, wfth mtervals of 45 s) at 4^ under 
nitrogeo with a macrotip at an output of 4 iuu* Ihe sonicated 
snspensitms wne centrift^ged fior 1 h at 48,000 x g, and the 
supematants, containing 5 to 10 n^ of total protdn per od, 
were used for estimating the enzymatic activities. p-Galac- 
tosidase was assayed at 37X^ by tiie method of Miller (29), 
and the ddoranq>henicd ace^transferase activity was as* 
s^ed as described by Shaw (4^ Total protein coooentra- 
timis were estimated by a dye bindhig assay p). 

RESULTS ' 

TVansfiTOaUmi and g p n^mtf kUitffoOoAm Hie p li»g»Aiy as 
listed m TaUe 2 were used to transform STll. Sdectimi for 
transfonnants was on M17agar-6ocrose plates contafatng 2.5 
pg of either exythromyctn or diloramphenlcol per mL As 
lodicatedy plasmids were tr an sfonned dtber as covakally 
dosed circular DMA or fineatised at thefr wdgfoe Art sites 
(WWe^. 

The frequency of transformation with pVA83S and pNZ12 
corre^xmded to the ciprctcd values (23). The K coS 
vectors p(roM5-838 and plK>838 were iiot able to rq»licaie 
or integ r ate In Si 11^ hence, no ciytiuunydirtesistant ool- 
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TABLE 2. TtihsfbniuUon firequeacies 



pVAS38 


Enn* 


9JZ 




1^ V 10* 


pNZU 




43 




UxlC 


pOEM5438 


Enn 


4.7 




<0.1 . 


pUC438 


Enn 


4,4 




<a.i 


pBM20. 


Esn 


1.% 




34 


pBXGOHn.' 


Enn 


?J 




140 


pBM2l. 


Ein 


%A 


L91/L49 


13 




Em 


B.I 




150 


pBM26 


Enn 


6.6 


issnM 


24 


pBM25Bd. 


Enn 


&6 




250 


pBM27 


Enn - 


6J9 


L9V1.« 


25 


pBM27 Un. 


Eim 


6.9 


1.93/1.49 


125 


pBM33 


Enn 


4-9 


L55 


5 


pBM33 Un. 


Enn 


4.9 


135 


250 


pBM40 


Enn 


5.7 


0.88V0.67 


10 


pBM«)ttiK 


Enn 


5.7 


o.ea/D.67 


100 


pBM4S 


Enn 


83 


0.88O36 


41 


pBM45bl. 


.Enn 


83 




240 



' 23 of dythvooQpBfai pcf od. 
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Qides were cftrtained in several traosfdimatioQ trials. Traiifi* 
tonaUoo witf» £. eoS vectoiB can>1ng abort stietdics of 
gemsoic IMA of the Sni legioD resulted b eiy^ 
dHtsistaiit trassfonnacts at a tower fireqaeiicy. l^on 
KneaigartOD of the ptBoadds at tlieir unique Ad snes, • 
located 8t tite function betweok vector aodibe 
the nuisber of eiytfanunyciD-resistam tzaas^ 
of DNA was ai^axficantty increased. 

Aiiab«i<of tmu&nnaiits. Indepfttdent dythroaycfawe- 
sistam transfonnaiita fRsn pMI20 and pB 
and caltfvated in MI7 faroth 23 |ig of eiyttuFos^ycia per ' 
fid lader anaerobic cooditioiis at 42X. Oeiioraic 
cdtnies was eitraeted and their Atl d^ests were analjyzed 
by Scnftben 1^ t^M&atfcwa with 
DNA-pidbe (Ffg. 2A). For most of &e tra&d«iiiaots» the: 
r hro i nos cBial 7-kb Art tnffotot eaixyiug tlie MrfT gene of 
Sni was lost ud two new fr^giiieiit8:of,9 ai^ 6 lb ' 
sppcmd. Tbh desoAy indicatea that ibe plaamida were 
hrtegrated faito the geabaae withfa the hooscUogoas £ieZ^ 
region* Hie disappf4traace of tfie 7*hb All fragment ftntber' 
lUsdoses that the tntegntton evcod placed the hnpcoted lucZ 
region, contafaihig the hi- vitn>ge i » r ated deletioit down- 
otreaflA of the orfiioal. wildM^ hcZ gene (F|g. 3)» In one 
case, bowcveTt die presence of the 7«id>fragiDeni po&tts tO' 




vMcb oon t sponds hi slze^ ib pBM20 and^pBUOL Sbice 
~ thea a^two pfttfiniMit are nnabte ' to T^^icate autonoiniuuakf in 
sni^ the-pieseooe of the fl kb ftagment points to ao^diflca*' 
tfoD of tb^gmo^^tepMd plaint 3)w As can be 
totter so g g ested fcoin the vaxiaMe tybtidiaatiCBi Inte nsftie a 
:ol the.dimeat bandSp nmltfpte flwijjifiiNif irMi'p ^'ff "f*>^.'fnf 
mted pbamida, ftokedly either the hitcgia^ " 
JaeZ ttffmi have boiemied fa aome case&'Hffther I 
izaticm camdmests with/^ 
and pnAsig of the iQ/bih&atioo filtins'.with oQ||)r < 
pOBMM38:ar lucZ DKA tfiniiuuc d the iteve-descdbed - 
leaidtaX^ no^ahoM}. : ^ 



i.BAcnaiou 

123466780 10 
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i a a . 4 8 6 7 6 o 10 xi la 




•FIG. 2. SoathenildotsorietaigeaemteOKAolaydifDng^ 
' festefint tmsfonnsnts. Plmnirfi uted for trmgdwiimtiDn wctc 

5BM20 (A* lanes 1 tt> 5)» BBM31 (A, laaea 6 to 9). pBM26 (B» Unes 
to 6 md 8 to U)» ttd pBM27 ^ tinea 2 to 6 and 8 to 1^ 
Untnuisfofmcd S1U is sfaowa la laae 10 of pra d A» tsnes 1 and 7 <^ 
panel Bf and bses 1 snd 7 ef panel C* p it*»fi <ig if i Mft tfj gg ft t i on of ■ 
total geiwmifeDKA wiiiwiihlM gar sB lanes of panel AtTai^ 
U of pand B^ and laaes 7 to Uof panel C and wtth Cbrl aor hnes 1 
todofjMbdBandlaaesltaaof panel C. !^-l8bd^ 
^M25 and pBM27 (Q wen.nscd as DMA piobea to h^Md* 
fayf f^ffl nuurkefs aie incficaied.la UUbaaea. 



Sfmilar results were obtafpcd from Sonthetn blot aiiaj3f8is 
performed with PM- and CZal-^figested ^mamic DNA of ^ 
etythroniydii^resistant mnstoiDants dbtahied witlT pBM26 
and pBM27 (Rg. 2B ai^ Q and pBM33 (data not duawn). ^ 
11ieab8ea^ofthe3J4bCidlhgoieiitindltraii^^ " 
dearth demoostratea that the idaa^ 
tbe 'genome at their, hotnoiegopa loctts*'^ i*e*9 within the 
riKJWinentiottedjCZgl tn^uso^ Agafa, vaiiablc ampHflca- 
tidna <rf the faserted pBii&6 were otee^^ some of 
% dgrf 



hi' Fig>* 4« Inteiestbt^, 
weie less fre^joeot than HS^ 



tbcni are^ a ehgaati ca j 
^^anplifications with 
pBM26. V 

Fiasn^d ampBftcatloaSi The degiee of -Aii^dificatioiivWas 
. with the aoaHest phsnddp ^M33 ;:fatvest<gated, Geoomic 
DKA bcdated iRnn eiytliRUiQcin-feaistaiit traosfimaota 
was.d^gestnl widi £obRV, whU does not cut witUn tfe. 
- Idaanoid (or tiie bon urfflgou a laeZ regioii)^ and u^yxed by 
Scutheni ana^ withpBM33 aa jhejiralbe '(I^ ^. The 
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FIG. 3. R6stfictioQiiiapsof£eiioinicpBM20oouite^ 
Fig. 2A, lue 3; (Q stnictiiie of the isolale fitom 2A, bM 

of aaolber oci^ Hm &icZ geae md its deletion derivativts (UacZi an ioiScated by arrows. The ciythraaiydii (eiy) and amjwdHiD (amp) 
fgristancc genes and the £ colfoitglnof reptotfcm (ori) ue indicated. Abbcewiatioos for vestrictiott sices: B^BigaXi Q CZol; F^F^U P» Afl; 
S, ^1. 



2.64d> £a>RV firagmeat torn STll containing the bomolo- 
gous iaeZ region was increased in size in the transfonnaiits 
upon integration and subsequent amplification* Fiagment 
sizes varied from 12 to 17, 22, and 27 kb, conesponding with 
two, three, four, and five copies of integrated pBM33, 
respectively. A heterogeneity in copy number of the anqdl' 
fications could be observed among as wdl as within cell 
cultures. 

Resohitlon of the lategrated plasmids. The int^;rated |das- 
mids were flanked by bomolpgoos lacZ sequences (Pg. 3). 
Thraii^ homotogous reocmibination, these flanldiig se- 
quences pn^»bly mitiated the observed am{4ification pro- 
cesses. In a similar w^, homologous recoml^tion may 
eliminate the integrated jdasmids from the gencnne (F^g. 6). 
Depencfiog on which part of the honxdogous sequ e nces is 
used for this recombmation process, either a single copy €i 
the wild-Cype or the integrated version oi the lacZ rt^oa^ 
Le.* the l^^s£!gfll or Ifpal^Hpal deletion from pBM20 or 




FIG. 4. Sctasstic lepicseiitaiiosi of genomic ^if26ooiiit^ratt 



DKA stnictuzts. (A) Smetme of wOd-Me STll DKA 
analyzed by Oat and M le ttr ic tio a. Ino box icprescats tiie 
bomdogooa stretch of DKA used for plasmid integratiOD and 
extends from the Iffc5 faitetnal All to the sfte downstreia of 
heZ U. Cotnt^rate structures of the isolate from Hg. 2B» 
lanes 2 and 8 (BX lanes 3 and 9 (G), lanes 4 and 10 (D)» and lanes 5 
and 11 ^ are abo ahown. Hatched areas indicate jOe ia vitio- 
' ddeliouu Tbhi fines are in tegr a t ed £ cpB 

D polnis to a fart h er 
. fts oopy nmber (n) could not be de t e r mtned acfiu* 
jatetp. Abbiewiatkkas for lestiktiott sites: 



pBM21, respectively, wouJd be retamed on tiie bacterial 
genome. In the latter case, the lacZ gene would be disrupted 
The odls would not be able to ferment lactose and would 
grow as white cotonies on appropriate X-CM agar plates (29), 

To resolve the integrants, several of the abov&<}esctibed 
pBM2D and pBM21 eiythnmiycin-resistant transformants 
were cultivated for 40 to 45 generatiiMis to HJ broth supple- 
mented with glucose but lacing erythromycin. CeH cultures 
were diluted and plated onto HJ-glucose agar plates cotfam- 
ing 25 |tg of X-Gal per ml. In most cases, white ookmies 
appeared among a majority of bhie colonies (1 to 10% wbht 
colonies). Individual white ocHonies were isolated and pur^ 
fied by restreaking them onto ttsh X-Gal agar plates. The 
purified colonies were tested for growth on agar plates 
containing eiythiomydn* No growth was observed, indicat- 
hig that the eiythroniydn resistance gene and the integrated 
jdasmid were evicted. 

Aiia^ of Rsolped traosfomaBls. Genomic DNA of 
resolved eiytiironiycm-sciisttive txansfoimants was d^ested 
with Pstl and HindUl and analyzed by Soodsem ana^rsis 
with pBM20 as the labdled I»«IA probe (Fig. 7). Ite results 
showed that the 7-ld> Pstl and 3.14:b Hindm fragments of 
sni were reduced in size for the resolved transformants 
acconfing to the extent of the in vilro^nerated deletions in 
die region of pBM20 and pBM21, respectively. FWthcr- 
moie» faybiidizatkm bands ideotif^iii^ the integrated jdas- 
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FKL 5. Soofiiefn Mot of genomic integrated pBM33. Laae 1 Is 
Sni; hmes 2 to 7 aie fad e pcnde nt etythmmydh^tsistant transfbr- 
i of BiBM33. Genomic DNA was digtfted with £onRV and 
1 w&^4Bbelled pBM33. Scee markers am indicated fa 
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FIO. 6/Sch « M ti erq>TC8ematfai of geae reptscement via plas* 
mid IstesTstbD and sobseqoeiit resotutlos. Boxes represent tlie 
booudt^goos stretdiof PHA fusc^ttible to r cc onibhwtteo . Hatched 
aieas iadictte the In vitro^cneitted ddetloo (for pBM20 lad 
pBM21)or tbe lasertedcs/ gene (fiorpBM4S). TUo tines aie piasaid 
DMA. aod* thick fines Sill geaoioie DNA. The eiythnnvcb 
resistance gene (eryO » iadleaieid. The two poMibte rcsolnm 
prodocts are labeQed i and ii. 



mid, i.e., the 9*lcb Pstl and 5^kb ^dlU fragments, were 
absent. Southern blot analysis with pUC-838 as the prcte 
showed no l^ridization with the resoh^ transfonnants, 
indicating the physical absence of plasmid tadtene se* 
quenoes (data not shown)* These results clearly demonstrate 
that the ^asmJd coint^rate structures were resoh/ed and 
that the wfld-type laeZ region was replaced with the Idh 
ported copy from pBM20 and pBM21, respectively* 

Inte^vtfon ef ooT into the lafitese o^ermu In dientuh 
pNha^ Che taciose permease {hcSj and .fr-gftlactoridafte . 
(UtcZ) genes are located on the bacterial geiamt and ate 
sepai^ed by cmjy three nucleotides (32). Orastructs were 
inw to integrate the cor gexie into thte opem 
laeS and ifi^ graes. To conserve trahslaticaial oou|ding of 
the genes, they were all separated by 3 to eadh ^ 
Selective pressnre on caqvresaion of the lac genes. i«e*t 
growth <m lactose as the sole carbohydrate sotiroe. should • 
then ensure ejipitssion of tte integrated cot gene. 

Tomake ibe appropriate ombtMtiotts loroir lote^iatiaB, 
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■■ - FlO* 7* Soodtem Irtots of isolatea lielcfag IseZ afto r lesohtdott of 
planoid cohMegrateL Slwwa are iM (A) and J!^^ 
lota] geoomle I)NA* STll (buie 1) .and isolates, wim resolved - 
oobt^ttte snu d uits derived from p^O (LMb 4gffl deletion; 
fines 2 and 3^«BdpBI^ (UMtb J^I deletion; ^1^^ 
Qsed io paneii A and respectlvi^ir** Ai a l^IA probe. ^^ Waibe lled 
. p TOi Ofljwia used- Siae nuncera aie. bdcated la I 



.an Ndel sitej was first engineered in front of the lacZ gene, 
overlapphig with its ATG start oodon. on plasmid pBM33, 
reailting in pBM39 (Fig. 1). The spadng of the two ^es ' 
remained hitact. arid the sequence aheratkms were restricted 
to the hitergenic region* Ihe cai gene was PGR ampUfled 

• frtmt pNZlS with pfiu^ that introduce yd^I sites at the 
. start oodon arid immediate^ downstream of the stop codon 

of the g^ne. The am^ified and Ni&Migested fragmeot was 
ioserted Into thc Ndcl site of pBM39. between the hcS and 
ArcZ genes, resuhmg in pBM40 (Fte. 1)« To ensnre efficient 
genomic Integration. pBM45, wfaicn hfts a longer stretch of 
SomoAogous DNA for reoofflbhntwn with the genome, was 
constructed (Fig. 1). 

Fiasmids pBM40 and pBM4S were transforxMd to ST11» 
. and e^throinycb^esistam transfbzmants were isolated. Tlie 
transf^matiim frequencies are Indfeated in Tible 2. Individ- 
oal transformants were analysed by Southern analysis* and 
genomic |dasmtd Integratlona residting hi cohit^rates simi- 
lar tothdse described above were found. To resolve, the 
cefattegrate structures and to select fr>r the remaining Into- 
.grated cat gene (Fig. 6). eiyihronycin-fesistaiit tmnsfor* 
mants were, first- grown under nonseiecth/e conditions as 
described aibove and then used to hioculste MSK broth 
cootahdqg 10 »tg of diiorsmpheniool per.ni!. Independent 
.eiythxoo^ciD-eeodtive, ddomspheciool^cdstant ceUs 
were isobted from thm oHk cultures, and their genomic 
DNAs were anatyzed-lw Southern blots and found to be 
IdenticaL A imesentatM cuUnre. named Sni-Oat. was 
dmsea iot foxmer analysis. 

Southern blot and restriction mass of STIl-Cat and Its 
precedmg cototegrate.aie shown in Ffg, 9, The 2MA Cbl 
fregment tii Sni (lane 1). containh^ . tbe lacS and lecZ. 
Junction, was increased lb 3 J ld» in STU-Cat (lane 2), 

. llybridizatiaooftfaesaattblotwfah aproteconlahihvoBb^ 
cat gene DKA revealed that tUs 33lct» fragment coimiied 
the taMtnted gene- (lane 8). Hybridization with l a bell ed - 
pUOaSSdeaaonstrated the absence of vector DNA in ffni 
and Snni 'Ql Qa ie 4 and S), ftrtftOT aoi e; lytoife alkms 
with tfie- different probes ciHifliiued the structure' of the 
c oh i tegraite; the 4.7- and 3Mb frqgmeata contafaed the 
integrated vector (lane ^ ^»iVA the 4w7-hb fragmei^ 
cairied the lotegmted cor gene (lane 9). The results ^ 

• aeotea were suostantiateii ly similar nytvnaizaimii txfcnr 
menta with genomic All, B^Ut and'AUel diesis. 

Siabai<y of fte hrtcgf^ ear gane. To invest^gate/tfie 
' genetic stabifiQr of tiie tategrafed cef gene, STll*Cai was 
gipwttfbrlSOgBneratioashitbeafasenceofdiloran^^ 
m MSK or M17 broth sopplemeaied with lactose.or sucrose. 
Qdtuies were, then plated onto M17 agar |dates and rndica 
ptetedonloMi7^arpitf6sconttinft|gditoramph^ 
' .tested pohmles wm ^ to gibilr on flie sdecSv^ 
-iodteting thst the cni geae.was fiMy aoalntainrd on the 
bacterial genome. 

.A^ueulan and legnlafion of the latagfBted etf geB& Ike 
la ft^^w^ transport ^iscS^ ^^siaciosidase (tecZ), arid cUor* 
-fl^heniocd .eoe^hianseerase feat) ao jivities o f jnTl l and 
STll-Cat grown oo lactose, sooose, and sucroae with 
. gftlarfmr were d^erndned (tMb 3)^ l^pcm growth of the 
b a cte ri a on lacto s e , die genes of ttte lactose opeiou .weM - 
clearly eiqnessed. The sanie was true (kv growth c€ the 
, CO sucrose hi the presence' trf galactose, vi^ddi. indu c es tiie 
. upeiou^but oiuiot be fpnnentedr Whhotit galactose!^ cw^; * 
-weak' ekpiCHHf oft.of the gen^ was obsen^ed. Theise results 
.are'in agfeefflcnt with eroier studies of sogar iitiBgs^ sndv 
- I nd odhle p ^ a cto s ld a B eacdw^ofA thcnnpphibts pi, 33, 
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FIO. 8. RestiictionmapQltbel&ctoseopeTOOOMtai^^ 
Al)bTcviatioi» lor fcstrictkm sites: B. i(gfl1; C» Cbl; H A'*^!; P» /^I; S. SpeL Boxed oodoos represent suit and stop codons of the 
concsp ft nd i ng ceoes. Astensks indicate the modified oodMtides of iateigaik itpaiL Biackets midenieatb the DMA seqaeoce pohtt to 
the iMwiy ^eiiented Ndel sites. 



The results showed that STll grown (m lactose exhibited 
moderately hi^^ier gala^oside counterflow and p-galactosi* 
dase activities than ceUs gzown on sucrose with galactose. 
IntegradoQ of the cat gene into the lactose Ofiwm did not 
affect the £izcSinediated coonterflow activist whereas the 
p-galactosidase activity was reduced to about 10%. Similar 
results were obtained for cells grown oa lactose and on 
sucrose and gal^ose, inespective erf ^^lether the cells were 
harvested in the ejqtonential or stationaiy phase of growth 
(data not shows), litis fa td lca te s diat tFaasoqrtlQQ tarn the 
lac prmnoter is not significantly affected tipoo ml^grattOD of 
the cat gene into the operon. 

The chloranq>baiiool aoetyitiansferase activities <rfSTll- 
Cat grown on lactose or on sucrose and galactose paralleled 
the respective fi-galact osi das e activities. The same was true 
for cells grown on sucrose without the addition ftf galactose. 
Tbts indicates that both genes are caqiressed and reguhted in 
the same way by the same genetic amtrd dements. 



DISCUSSION 

In ifas study, we demonstrated CanmbelMilEe inte^ 
(4) into the genome of £ thermaplims of oonrq^tiqg 
plasmids caiiying small stretches of honibtogous genomic 
DNA that lead to the fisnnatioo of coint^ntes. All trans- 
fomants mialyKd showed genomic httcgratfao of the plas- 
mid at a homolc^gous locuu Tberdy, a hQmok)gots 
between 0.7 and 0.9 kb was sufficiem iotqgndioQ and 
stibsequent resohiticHi* II is hiterestiqg that intcsEatioo of 
Uneaited plasmids was asore efifident than that of drouhr 
ones, sfaniter to wliat was pieviously observed with yeaate 
pi). Hie Increased recooMiation acthrhy could be due to 
an ittduoed D9NtA rcpalv system iqxm the pieseuoe of free 
DNA ends hi the bacterid odL However, more wofk would 
be neoessaiy to substaatiale tfals hypothesis. 

We ^kectvtd that plasmids caiQwv lesiaas hi the iacZ 
gene pretcrently hitegnimd hiio the genome sodi that the 
ftwictioiwi copy of the gene iwas oui^nt^Aood ^vi^Un the 
lactose opmoD and the deletiOD Jocated doamstieam of the 
integniteo plasmid (F^ S). Tins is true whedier theodls are 
grown 00 sucrose or ifuoose and desiiiite tte ficeseace of 
homoi(^oos regions of dxyut eipiai ane OEU both sides of die 
lesioii, e.g., for pBM20 and |d3M26. Ilieie is no dbvkms 
explanation to ttusobsegvationb as we have diowntiMtceDs 



that do not depress functional ^-galactosidase are perfectly 
viable. 

I^pon integration and growth under selective ocmditions, 
plasmids were often found as coiotegrates of copies rq>eated 
in tandem. This could be a consequence of multicopy 
integration as well as of an ampliation process after 
integration, due to the selective pressure imposed on tiie 
eiyt hr o m y dn gene. Analysis of such cotntegrates from in- 
dependent integration events of pBM2d, which carries an in 
vitro-generated deletion within the homologous stretch of 
DNA, showed amplification not only of the in vitro-modified 
repeat but also of the original, unmodified hcunologDUS 
r^ieat (Fig. 4). lliis observntioo poinls fo the oocuiieooe of 
amplifications via homologous recmnhmation of fianldng 
sequences after an hitegra^ion of the plasmid has taken, 
pla^ Depending on which re^^ion of hoi^^ 
icic omhmation, either the ordinal tv modified repeat was 
amplified. Similar amplifications oa plasmids or genomes of 
antibiotic resistance genes are known to occur in other 
bacterial species as well (6^ 51). 

We have dtown that plasmid iategratioa with subsequent 
resohition of the comtegrate structure is a fieasi)le way to 
delete or insert genes (E%. 6). histanoe, the or(^aat &cZ 
gene could be rq>l8ced witfi an m vitro-truncated co^. In a 
simihr way, an entire gene could be int^mted mto the 
bacterial geocmie m a taigeled manner. To demonstrate this, 
a promoterless oar gene was inseited alio the lactose t^peroQ 
and expressed via & control elements of this operon fZlable 
3). 

l^ion iotegratioo of cor hi firont of thelscZgeoe. caqnes* 
aiott of the btter was reduced to dxwt IW of the wikMype 
actMy but was stiU ccmtiolled fay the Isc promoter of tte 
operon. p^g^Iblc ^y^pf^^^rta t asay be ^f^a^ the ^^mft^^ion of 
a heterogemc gene into the lac <»eron structure interferes 
with cotrpaRNAfaidhigandAor mat nn con v e n tianaloodo^ 
usage nifty hitiodnoe deleterious p*My f" £ in dke translation 
pnicess. This may faKxease nesseqger mstaUlity and degra- 
dation of the 3'-lennhial cad of the SNA 0)- Itt add^ 
there is a poteothd ribosomal fabdo^ site lior the wlU-9^ 
lacZ gene wUdi overlaps the 3'-temdnal end of the lacS 
gene p2). Tbis rflwsomal bindn^ site is like^ to be a potent 
txansfatkmal recognition site, ioqioctanl for trtnslatkmal 
leiaitiation and RNA s t a b iE ty , wUdi now serves for htgji* 
levelexpiessioiiof the cnr gene* No ^ttilar she is present atr 
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' FIGL' 9. SoBltoMotiaf ihegpiMWiric fatc^ 
7; Stll-Gtf ii hnea 2, 5» ud 8; nd titt opnm 

DKA» tattoi 4 to 6 wen l^biiiBBd only w im K coff vMor ayttnon^dn re gbt a nc e gese* Bitd Ipioet 7 to 9 wbtd ' 

lyMdizcd witb to brti tcd c at |pc ap juub<»-W a p n fl nt rises an Indhaicd i& kfiobases* (B) Scticnwtlc icjueuotttloo of.tftt cunf.apondlng 
re s t ridion a^ qf STtl (IK Sllt^Su (D), ttd the pBIMS c olme gt ito -jpO> C Cbt les ti fctfae tftes. Rtgnieiit lizes utiamemd tk 
icflQMsca,St^apted.Utclicd,aodtoM^ : 
CD the intej^nted phsnifai'DNA is iiKHcsted* 
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TABLE 3. Galtctoside transport and eo^matic activities 



Strtin 



Ctrbohydntc 
loorcc* 



Tftn^Mtt 



•ctivit/ 



CAT 



sni 
sni 
sni 

Stll-Ctt 

sni-ot 



Uccose 

Sucrose, galactose 



Lactose 

S ii CT O i C t galaciose 



20.0 (itm) 

9 J (46%) 
1-7(9%) 

mo (100%) 

9.4 (47%) 
1.7(9%) 



6.40 (100%) 
135 P7%) 
0.41(6%) 
Ol78(100%) 
0J0(38%) 
0.11 04%) 



0.0 
0.0 

0.80(100%) 
039(48%) 
0.14 (17%) 



* Gubcriiydrstc sooicc ip i fic ates ihc sognf s) wfi^i wis p pct co i in gfowtb mgilinTn (20 biM cacti). 

^ Tnnspon wts tttityed ts [^^CjnflCVIMO eoostfirflow tctiv^ at 23*C laitUl ntes of itpUke were actensined from the tmrmi ii tfot of r^iatcdvity after 
5 • of tooibatfaa (to o^Bcatcs). Actiwfty b ta Mnnmnirt 



jucQ to u Mfci aae (CAT) acthniMS m c^pnssed & iiiic io Bioto per otf ttuto per odllpin of lottl proteiB. 



the cad of tiie eof geae. tfid this abseace tfaeieito 
caused the lower p-g^actosidase activity. Despite tiie 15^ 
fold-reduoed fi-gala<5osfdase activi^ upon inte^ratioa of 
cttT, the cells are stiff able to grow oonnaQy on lactose- or 
siicrose-based mediunu Appaientlly» STll possesses an ex- 
cess of p-galactosidase over laaose transport activity, vrtiicii 
af lows dowiKesqnessiott of Arc? mtJtotit 
the lactose metaboiisnL This aq^ect makes integration into 
the lac operon extremely suitabie for effideot expression ctf 
Hordgn genes. 

Integration of a heterologous gene into a vital operoo of 
the S. awmophUus geocsne preserved its comet nincdon* 
ii^ The focc^i gene became a functional part of the opeiOQ 
and was legidated sWMy* "Hie inl^rated gene was sla^ 
mflttifflgn^ over 150 generatioos of ceD growth in lactose- 
and socmesmtaiiiing media, in ad^tion, sptm^ rear- 
rangements or hnperfect deletions of tlie gene would have 
destroyed die mugriiy or correct ciqnession ci the heS 
and/br lacZ gene* whidi woidd have faihibited cell gni^ 
lactose as the sole carbohydrate source. Hence , insertion of 
the gene between the lacS and (acZ genes ensures makite- 
nance and expression of the int^iated gene iqxm growth of 
die ceSs in their natural habitat, i^., mOk, without the 
necessity of additional selection. 

FinaSy, no faeterologotts DNA, aoDCpt far diat of die 
fneigo pne to be expressed, is present In the modUied 
bacteria. Hence, the presented mcdiodology is usefaJ as a 
stable gene expression system for 51 iftermcgpMto and may 
qualify in dte future an aj^l^icatkm with food. As odier, 
native operons may be cbotta for sindtar intcsgrative gm 
ciprassion, difEerent levels of ca ip r e s sion and posatbilides 
far regulation may be pursued. 

We express our thanks to David Pddaort asd Bnmo Suii for 
providing tiieir vector couaUiictions and Mfche l Richard tot the 
ptcparatjoaef die ^Bdieticoijgpaodeotides. We thank Anne Cna* 

mabip TF<t PyiiM Pff^^wqti^ fof gr^|j^;jl BftiBiig af Aft mamiMi^it. 
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